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EXHIBIT E 

Excision of selectable marker genes 
from transgenic plants 

Peter D. Hare and Nam-Hai Chua* 

Selectable marker genes are required to ensure the efficient genetic modification of crops. Economic incen- 
tives and safety concerns have prompted the development of several strategies (site-specific recombination, 
homologous recombination, transposition, and co-transformation) to eliminate these genes from the genome 
after they have fulfilled their purpose. Recently, chemically inducible site-specific recombinase systems have 
emerged as valuable tools for efficiently regulating the excision of transgenes when their expression is no 
longer required. The implementation of these strategies in crops and their further improvement will help to 
expedite widespread public acceptance of agricultural biotechnology 



The genetic modification of plants potentially offers substantial 
improvements to agricultural practices, food quality, and human 
health. The success of these endeavors is determined both by the 
ability to deliver foreign DNA into the host plant and by the efficien- 
cy with which shoots or somatic embryos can be regenerated from 
transformed cells. Currently, the poor transformation efficiency of 
most crops necessitates theuse of selectable marker genes to identify 
transgenic plants (Table 1). These conditional dominant genes either 
confer resistance to an antibiotic or herbicide that kills non-trans- 
formed cells or confer a metabolic advantage on transformed cells in 
the presence of a nontoxic selective agent. Genes that permit identifi- 
cation of transgenic plants in the absence of a selective agent, includ- 
ing regeneration-enhancing genes such as ipt [ - 2 , are defined here as 
screenable markers. The use of such genes in "marker- free" transfor- 
mation is currently a feasible alternative to marker-based selection 
for species that can be regenerated by organogenesis or somatic 
embryo genesis 3 . As the continued expression of selectable markers in 
field grown plants is usually unnecessary, and may even be highly 
undesirable, several strategies have been developed to remove selec- 
table markers after they have served their function. 

Several other reviews on marker removal have been published 
recently 4 ^ 6 . Here we place particular emphasis on a most recent 
development — the use of inducible site-specific recombinase sys- 
tems for efficient transgene deletion strategies — and suggest possible 
approaches toward their improvement. 

The rationale for marker elimination 

The success of agricultural biotechnology, like that of any market- 
driven enterprise, relies ultimately on both consumer demand and 
the rate at which new products can be released commercially. The 
inclusion of marker genes in genetically modified (GM) crops has 
caused public concerns about the medical implications of consum- 
ing GM food and the environmental implications of growing GM 
crops (see Dale p. 567). Although it remains highly contentious that 
such concerns are warranted, the extreme difficulty of proving that 
selectable markers are indeed harmless has prevented unanimous 
public acceptance of plant biotechnology. Besides minimizing public 
concerns, strategies to eliminate marker genes also reduce the need 



for time-consuming and expensive safety evaluations. This reduces 
the cost of developing and marketing new GM products and expe- 
dites the commercial release of new products. In the foreseeable 
future, it is likely that regulatory legislation will strongly favor the 
absence of superfluou s transgenic material in GM crops. 

The majority of nuclear-encoded markers have no impact on plant 
growth or development in the absence of the selection agent. Usually, 
their continued presence neither compromises plant productivity nor 
is of any agronomic value (except with respect to herbicide resis- 
tance). However, the expression in a plastid of tens of thousands of 
copies of a marker gene in each cell of a transplastomic line 7 may be 
less innocuous. In cases where the marker protein may constitute as 
much as 10% of total soluble cellular protein 8 , this is likely to incur a 
substantial metabolic burden. The absence of alternative technologies 
to ensure homoplasmic transformation without the use of selectable 
markers further underscores the importance of adopting effective 
strategies to eliminate chloroplast selectable markers once they have 
served their function in identifying transplastomic lines. 

The advent of functional genomics and genome-wide expression 
profiling provides additional motivation for the development of 
rapid and efficient transgene removal mechanisms 9 . These technolo- 
gies promise to identify the multigenic basis of many agriculturally 
important traits. As current transformation protocols severely limit 
the number of genes that can be introduced simultaneously, re- 
transformation of a single line is the only rational approach toward 
selectively introducing multiple genes for complex traits such as pro- 
ductivity or stress tolerance. Co-incorporation of a different marker 
with each gene or set of genes is incompatible with safety concerns, 
expensive, and time consuming. Tissue culture regimes for transfor- 
mant selection would have to be optimized for different species or 
varieties and the possible food safety and environmental impacts of 
different markers would have to be assessed on a case-by-case basis. 
There are also a limited number of constitutive promoters common- 
ly used to express marker genes, and the repeated introduction of 
these promoters could conceivably activate gene-silencing mecha- 
nisms with adverse effects on the expression of novel genes of inter- 
est. Gene excision mechanisms permit the recycling of a single mark- 
er by its removal after each transformation step. 
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Table 1. Selectable markers currently used in transgenic plants confer resistance to antibiotics, herbicides or metabolic inhibitors 



Gene 


Gene product 


Selection agent(s) 


Gene source 


Ref. 


nptll/necf 


Neomycin phosphotransferase II 


Kanamycin, neomycin, geneticin (G418), 


Escherichia coli. transposon Tn5 


45 






paromomycin, amikacin 






bar 9 


Phosphinothricin acety transferase 


Glufosinate, L-phosphinothricin, 


Streptomyces hygroscopicus 


45 






bialaphos 






paf 


Phosphinothricin acety transferase 


Glufosinate, L-phosphinothricin, 


Streptomyces viridochromogenes 


29.45 






bialaphos 






bla 


[3- Lactamase 


Penicillin, ampicillin 


Escherichia coli 


45 


aadA p 


Aminoglycoside-3'-adeny transferase 


Streptomycin, spectinomycin 


Shigella flexneri 


45 


hpt 


Hygromycin phosphotransferase 


Hygromycin B 


Escherichia coli 


45 


nptlll 


Neomycin phosphotrasferase III 


Amikacin, kanamycin, neomycin, 










geneticin (G418), paromomycin 


Streptococcus faecalis R plasmid 


45 


epsps'aroA p 


5-Enoylpyruvate shikimate-3-phosphate 


Glyphosate 


Agrobacterium CP4. Zea mays, 










Petunia hybrida 


45 


gox 


Glyphosate oxidoreductase 


Glyphosate 


Achromobacter LBAA 


45 


bxn 


Bromoxynil nitrilase 


Bromoxynil 


Klebsiella pneumoniae var. iozaenae 


45 


als 


Acetolactate synthase 


Sulfonylureas, imidazolinones, 


Arabidopsis thaliana, Nicotiana tabacum. 








thiazolopyrimidines 


Brassica napus 


45 


caf 


Chloramphenicol acetyltransferase 


Chloramphenicol 


Bacteriophage P1 Cm* 


7 


TDC 


Tryptophan decarboxylase 


4-Methyltryptophan 


Catharanthus roseus 


46 


uidA'GUS? 


(3-Glucuronidase 


Cytokinin glucuronides 


Escherichia coli 


47 


xylA 


Xylulose isomerase 


D-Xylose 


Thermoanaerobacterium 










thermosulfurogenes 


48 


manA 


Phosphomannose isomerase 


Mannose-6-phosphate 


Escherichia coli 


49 


BADhF 


Betaine aldehyde dehydrogenase 


Betaine aldehyde 


Spinacia oleracea 


7 



= Shown to be functional in plastids 6 . 



Finally, the development of effective strategies to precisely excise 
genetic elements might also find other valuable biotechnological 
applications. For example, inducible excision of an intervening 
DNA fragment between a promoter and a transgene could be used 
to regenerate lines expressing transgenes that affect embryo, seed, 
or seedling viability 10 . Recombinase-mediated excision of an anti- 
sense copy of a gene required for pollen viability restored male fer- 
tility in Arabidopsis thaliana 11 . This may provide a valuable 
approach to the production of commercially important hybrid 
seed and plants. Conversely, separation of a pollen- or tapetum- 
specific promoter and a "suicide" transgene by an excisable element 
could prevent possible gene flow into nontransgenic plants by 
cross-pollination. In GM crops engineered for tolerance to preda- 
tion that is limited to inedible organs, it may be preferable to limit 
expression of anti-predation transgenes to organs not intended for 
human or animal consumption. Localized induction of a tightly 
regulated, chemically induced transgene excision mechanism 
might be preferable in instances where there are no stringently reg- 
ulated tissue-specific promoters available for selective ablation of 
transgene expression in one plant organ but not in another 12 . 

Sexual crosses or re-transformation of primary transformants 

Irrespective of the application, any strategy for targeted gene elimi- 
nation should aim to be both rapid and 100% efficient. Procedures 
that avoid an additional round of transformation or sexual crosses 



of the primary transformants are both quicker and less labor- 
intensive. Furthermore, cross-pollination is not compatible with 
breeding programs for crops that are vegetatively propagated or 
have long generation times, and repeated passage through tissue 
culture increases the incidence of somaclonal variation. Where 
gene excision strategies employ gene products that modify DNA, 
rapid activation and inactivation of the elimination mechanism is 
needed to avoid unwanted secondary consequences arising from 
prolonged interaction with the host's genome. In early studies, 
plants were co- transformed with selectable markers and genes of 
interest on separate Agrobacterium tumefaciens tumor-inducing 
DNAs (T-DNAs) and marker-free plants were subsequently isolat- 
ed through segregation from lines in which the two genes had inte- 
grated into unlinked loci 6 . 

Apart from time considerations, inefficiencies in this approach 
arise from the difficulty of controlling parameters such as the fre- 
quency of co-transformation and theextent to which thetwo foreign 
genes are linked. A more recent variation of this approach involves 
the use of double right-border binary vectors carrying two copies of 
the T-DNA right border flanking a selectable marker, followed by the 
gene of interest and one copy of the left-border sequence 13 . Provided 
that a large number of transformants are screened, it should be pos- 
sible to separate two types of T-DNA inserts (one containing the 
selectable marker and gene of interest, and the other containing only 
the gene) by segregation. 



Table 2. Dominant-negative selectable markers permit assessment of transgene elimination by killing transgene-expressing cells 



Gene Gene product Selection agent Gene source Ref. 



tms2 Indoleacetic acid hydrolase Naphthaleneacetamide Agrobacterium tumefaciens 14 

codA p Cytosine deaminase 5-Fluorocytosine Escherichia coli 23 

CYP105A P Cytochrome P450 S ui Sulfonylurea R7402 Streptomyces griseolus 51 

dhIA Bacterial dehalogenase Dihaloalkanes Xanthobacter autotrophicus 52 



= Shown to be functional in plastids 2453 
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Principles of site-specific recombinases used in plants 
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The apparatus used by prokaryotes and lower eukaryotes to perform 
site-specific recombination between specific target sites is well 
suited to excising selectable markers from plants. All site-specific 
recombinase systems shown to function in plants 4 6 9 are members 
of the integrase family and consist of a recombinase (Cre, Flp, or R) 
and its corresponding recognition sites for recombination (/oxP, 
FRT, or RS, respectively). Crystal structures of the complexes 
formed between several site-specific recombinases with their DNA 
targets have revealed conservation within their catalytic regions and 
fundamental similarities in their modes of action 43 . The Cre 
recombinase of bacteriophage P1 converts dimeric phage P1 
plasmids into their monomeric constituents through recombination 
between two directly repeated loxP sites in the genome of E. coli. 
The yeast Flp and R recombinases enable efficient replication of 
plasmids bearing the FRT and RS sites. Inversion of a segment of 
the plasmid that is flanked by two oppositely oriented recombination 
sites promotes replication by switching the relative orientations of 
the replication forks. In contrast to the simple two-component 
CrelloxP, Flp/FRT, and R/RS systems, other recombinases require 
ancillary proteins and often have more complex recognition sites 
that may confer topological restraints on recombination efficiencies. 
For example, coliphage X integrase (Int) mediates recombination 
between target E. coli attB sites and bacteriophage attP sites. These 
are identical in only 1 5 positions including the 7 bp central overlap, which is the site of DNA exchange. The arms of attP have binding sites of 
Int and accessory proteins such as the host-encoded integration host factor (IHF) required for integration and excision, as well as the phage- 
encoded excisionase (Xis) required for excision only. Curiously, DNA flanked by attP sites was excised at a low frequency in tobacco plants 
that do not express X proteins 14 . 



Figure 1. Recognition sites for recombinases shown to function in plants 
share a similar design. All comprise palindromes, which flank the six to 
eight innermost base pairs. Each recombinase binding element (RBE) is 
bound by a single recombinase subunit. Cleavage of the sites occurs at 
the borders between the RBEs and the core sequence. The core element 
is the site of strand exchange and confers directionality on the 
recombination site. Recombination requires two recombinase recognition 
sites bound by four identical recombinase subunits. 



Other multi-step approaches to dissociate the selectable marker 
and desired gene have employed transposable elements, intrachro- 
mosomal recombination, or site-specific recombination. The non- 
autonomous Ds transposable element in maize can be modified so 
that virtually any DNA sequence bound by specific DNA repeats can 
be excised from one location and transposed to other sites in the 
presence of the Ac transposase. Flanking either the selectable marker 
or the transgene of interest with Ds sequences and subsequently 
introducing Ac into the primary transformants confers mobility on 
the target and thereby dissociates the co-incorporated genes. The 
selectable marker and transposase can be removed from the gene of 
interest by segregation. A second transposon-based strategy in which 
the marker is flanked with Dselements exploits the occasional failure 
of transposons to reintegrate into the genome following their exci- 
sion 1 . However, this approach is limited by the low frequency of this 
phenomenon. 

Recently, a much simpler method based on chromosomal recom- 
bination between the 352 bp bacteriophage-A. attachment (attP) 
regions (see "Principles of site-specific recombinases used in plants"; 
Fig.l) was shown to remove selectable markers from tobacco 14 . This 
two-step regeneration protocol should produce marker-free plants 
more quickly than do procedures involving re-transformation or 
cross-pollination, and should also avoid potential problems associat- 
ed with expression of Hp site- or R site-specific recombinases (dis- 
cussed below) . However, the overall efficiency of this process appears 
to be low and many deletions in genes of interest occur through ille- 
gitimate recombination 14 . Furthermore, the success of this approach 
in tobacco was not dependent on the expression of the X proteins Int 
(integrase) and IHF (integration host factor) normally required for 
recombination at these sites. Therefore, the mechanistic basis of the 
phenomenon is not yet understood and it is not yet known how 
applicable the system may be in other crops. 



Site-specific recombinase-based systems 

The ability of microbial site-specific recombinases to cleave DNA at 
specific sites and ligate it to the cleaved DNA at a second target 
sequence has enabled their widespread use in manipulating DNA in 
higher eukaryotes (see "Principles of site- specific recombinases used 
in plants"). The excision of intervening DNA that accompanies 
recombination between recognition sites in a direct (head-to-tail) 
repeat (Fig. 2A) has been exploited to eliminate unwanted transgenic 
material from the nuclear genome of plants by expression of genes 
encoding the Cre 10 ' b ~ 18 , Flp 411 ' 19 , or R 20 > 21 recombinases. Formally, the 
product sites generated by excisive recombination are themselves 
substrates for integrative recombination. However, re-insertion of 
the elimination cassette is not detected 15 - 20 for two reasons: first, exci- 
sion is an intramolecular event, whereas integration requires interac- 
tion between unlinked sites; and second, the excised circle cannot 
replicate autonomously and is probably rapidly lost in vivo. 

An understanding of other potential consequences of recombi- 
nase expression in a heterologous system (Fig. 2B, C) is relevant to 
their judicious use in plants. Unlike most recombinases, Cre, Flp, and 
R do not require modification or host-specific factors in order to 
function in plants. The use of site-specific recombinases may also be 
a valuable precautionary measure in avoiding a common source of 
transgene silencing. Transformation protocols for certain species 
tend to incorporate multiple copies of the same gene at a single 
locus. These complex integration patterns can be resolved to a single 
gene copy by flanking the gene of interest with inverted recombina- 
tion sites. Flanking the cassette containing the selectable marker and 
recombinase gene with direct repeats ensures simultaneous elimina- 
tion of the selectable marker 22 . 

Until recently, recombinase-mediated gene excision in plants 
was restricted to the elimination of nuclear genes. Introduction of 
plastid-targeted Cre into the nuclear genome by either 
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Figure 2. Modes of site-specific recombinase action in vivo. The nature of DNA 
rearrangements depends on the relative orientations of the recombinase recognition sites 
(pink arrows). (A) Recombination between two directly repeated sites excises the intervening 
DNA as a circular molecule carrying one copy of the recognition site. The second recognition 
site remains on the targeted molecule. A generic plant transformation cassette for marker 
elimination 15 is shown. The coding sequence for a chemically inducible transactivator (Ind) 
and transcriptional units encoding the selectable marker (M) and chemically inducible 
recombinase (R) are placed between two directly repeated recombinase recognition sites. 
After elimination of these elements, the presence of only a single recognition site between the 
transgene of interest (T) and the promoter (P) originally used to express the transactivator 
results in expression of the transgene of interest. RB, right border; LB, left border of T-DNA. 
(B) Site-specific recombination between two inverted target sites on a linear molecule inverts 
the intervening DNA. (C) If two linear molecules carry target sites, recombination leads to 
exchange of sequences distal to the recombination site 50 . This type of recombination occurs 
after DNA replication. Top, Replicated chromatids joined by their centromeres before cell 
division. Bottom, chromosomes of two daughter cells with their normal diploid DNA content 
after mitosis. 



Agrobacterium-mediated transformation or pollination can also 
eliminate selectable markers from the plastome 23 - 24 . However, the 
occurrence of frequent DNA deletions in plastid DNA from clones 
transformed with Agrobacterium, and to a lesser extent in those 
derived from crossing with a Cre-expressing line 23 ' 24 , highlights a 
major limitation of Cre-based systems that has previously been 
revealed in yeast and mammalian systems. In vitro studies indicate 
that Cre is capable of catalyzing recombination between certain 
naturally occurring "pseudo-ZoxP sites" sequences that can be high- 
ly divergent from the loxP consensus sequence 25 . It was subsequent- 
ly demonstrated that prolonged exposure to Cre caused chromoso- 
mal rearrangement in spermatids 26 and that markedly reduced pro- 
liferation of Cre-expressing cultured mammalian cells was depen- 
dent on Cre activity and associated with numerous chromosomal 
aberrations 27 . Data regarding the presence of cryptic FRT or RS 
sites or the infidelity of Flp- or R-recombinase activities in higher 
eukaryotes do not appear to be available. 

Although there seem to be no reports of chromosomal aberrations 
in plants where Cre activity is restricted to the nucleus, this might be 
attributed to a failure to assess genomic stability over several genera- 
tions of Cre-expressing lines. Indeed, crinkled leaves and reduced 
fertility have been observed in certain lines expressing high levels of 
Cre, but these phenotypes do not appear to result from heritable 
genetic changes 9 . The presence of cryptic gix sites in plant genomes 
might account for the failure to regenerate plants that constitutively 
express the Gin recombinase from bacteriophage Mu 9 . 

An obvious approach to restricting the duration of recombinase 
expression in the plastid to the time required for gene excision is to 
limit Cre expression by placing it under the control of the tightly reg- 
ulated XVE-inducible system 28 . As discussed below, regulated Cre 
expression has been shown to efficiently excise nuclear genes ls . 
Alternatively, it maybe possible to restrict the toxicity of Cre in plas- 



tids by exploiting the efficient RecA-type system of 
homologous recombination in plastids. In 
transplastomic tobacco plants, the flanking of a 
selectable marker with direct repeats enabled its spe- 
cific elimination using the native plastid homolo- 
gous recombination apparatus 8 - 29 . 

Another approach to prevent excessive exposure 
to recombinase and simultaneously avoid the long 
generation times required to introduce and remove 
stably incorporated recombinase genes is transient 
exposure of plants to agrobacteria that express the 
recombinase. Transcription arising from uninte- 
grated T-DNA molecules can be sufficient to elimi- 
nate the selectable marker without integration of 
Cre or Flp genes into the genome 16 - 19 - 30 . Theoretically, 
the use of two different conditional- lethal dominant 
markers (Table 2) could facilitate selection of plants 
that had undergone excision without insertion of 
the T-DNAbearing the recombinase gene. 

Drawbacks of this approach are its extremely low 
efficiency 16 and also that a significant percentage of 
the infected lines (around two-thirds in the case of 
tobacco 16 ) that undergo Cre-mediated excision have 
been transformed with the T-DNA bearing the Cre 
variant. As it seems that plant host factors are 
responsible for T-DNA ligation-integration reac- 
tions 31 , the manipulation of agrobacteria to limit the 
integration of recombinase genes seems unrealistic. 
One approach to circumvent this problem might 
exploit the demonstration that fusions between Cre 
and the agrobacterium VirE2 and VirF proteins 
retain recombinase activity and can be transported 
into plant cells independently of T-DNA transfer 32 . Alternatively, 
transient Cre expression without T-DNA integration maybe feasible 
in species capable of T-DNA uptake, but with a low susceptibility to 
T-DNA incorporation. The main limitation of these approaches 
toward transient exposure to recombinases is that the additional 
regeneration step required is likely to yield a high frequency of 
chimeric plants incapable of transmitting the desired trait to their 
progeny. 

Chemically regulated promoters 

The germinal inheritance of site-specific recombinase-mediated 
deletions is essential in biotechnological applications involving 
sexually propagated crops. Where this has been investigated for 
the FLP-F^r and R-RS systems, most studies have indicated either 
very limited or no transmission of the recombined state to the 
next generation 33 . 

Caution is certainly warranted in distinguishing between the 
removal of transgenes from somatic cells and DNArecombination in 
germ-line cells. The identification of even a very high frequency of 
GM lines in which transgene elimination has occurred may be mis- 
leading if only a small fraction of the cells within each line have 
indeed lost the selectable marker and recombination has not 
occurred in gametes or their L2 progenitor cells. In addition, when 
providing FLP recombinase in trans and then segregating out, 
increasing the frequency of transmission of the enzyme to progeny 
appears to be best facilitated by selecting parent lines that facilitate 
early recombination before seed maturation 34 . 

However, chemically regulated marker gene excision strategies 
that provide the trait gene, the selectable marker, the recombinase 
gene, and its recognition sites within a single vector have now sim- 
plified such multi-step procedures. Prevention of recombinase 
expression in the absence of its inducer is also likely to limit unin- 
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tentional damage to native DNA sequences and to ensure that the 
selectable markers are eliminated only after all transformants have 
been identified. Flanking the recombinase gene with its own recog- 
nition sites ensures that the recombinase will excise the gene direct- 
ing its own synthesis as soon as the critical level of expression 
required for excision is reached, thereby avoiding excessive recom- 
binase activity. An unintended basal rate of recombinase gene 
expression will prevent regeneration of transgenic plants owing to 
the loss of the marker gene. 

Thus far, the efficacy of two variations of this self-deleting system 
of recombinase expression has been demonstrated in several plant 
species 15,20,21 . Using the glutathione-S-transferase (GST)-MAT 
(multi-autotransformation) vector system 20 , tobacco transformants 
are selected by "marker-free" screening involving /pf-mediated 
regeneration in the absence of exogenous cytokinin. Excision of both 
the R and the ipt genes is regulated by placing R recombinase under 
control of the maize GST- II- 27 promoter, which is induced by the 
herbicide antidote "Safener." Marker-free plants are generated at a 
frequency of approximately 14%; no data are available on germline 
transmission. The same approach with slight modification has been 
subsequently applied to the generation of marker-free transgenic 
rice, aspen, and snapdragon plants 21 . 

In the CLX(Cre/ZoxP DNA excision) system shown to function in 
Arabidopsis 15 , Cre expression is placed under the control of the (3- 
estradiol-inducible XVE hybrid transactivator. Inclusion of both 
transcription units required for recombinase activity and antibiotic 
resistance within loxP sites ensures that a negative feedback loop 
restricts cre expression to the level required for excision. (3-estradiol- 
induced excision of the transcriptional units encoding cre, the XVE 
transactivator, and the kanamycin resistance marker activates a 
downstream green fluorescent protein gene by bringing it into prox- 
imity with the G10- 90 promoter 15 . An intron within the cre gene pre- 
vents its expression in Escherichia coli during cloning, thereby pre- 
venting excision of genetic material contained between the loxP sites. 
Using this system, excision of the elimination cassette occurred in all 
19 primary transformants. However, by far the most significant fea- 
ture of the CLX system is that an estimated 29-66% efficiency is 
reported for recombination within L2 progenitor cells in the shoot 
apical meristem of primary transformants 15 , with the potential for 
further improvement of this frequency. This system (represented as a 
generic transformation cassette in Fig. 2A) therefore ensures inheri- 
tance of the excision event in a significant percentage of the progeny 
of lines exposed to inducer. The CLX system seems to be the most 
suitable target for future refinement efforts aimed at optimization 
for use in different crops. 

Fine-tuning contemporary transgene elimination strategies 

A limitation encountered when using site-specific recombinases to 
excise DNA is that every elimination event leaves a residual recogni- 
tion sequence at the recombination site. Removal of these elements 
might be prudent in instances where gene "stacking" and several 
marker elimination steps have resulted in multiple copies of the 
same recombination site distributed throughout the genome. 
Residual recombinase recognition sequences may be sites of chro- 
mosomal rearrangements upon subsequent exposure to the recom- 
binase. In certain instances (e.g., the generic vector system depicted 
in Fig.2A) where the recognition sequence may be transcribed, mul- 
tiple copies of the same element might activate gene silencing mech- 
anisms and thereby counteract the engineering of the desired trait. 
In cases in which the excision event activates a gene of interest by 
bringing it into proximity with a promoter 15 , one approach to avoid 
the possibility of gene silencing would be to place the recombination 
site immediately adjacent to the TATA box of the promoter. As tran- 
scription normally begins approximately 30 nucleotides down- 



stream of TATA sequences, transcription of only a few nucleotides at 
the distal end of the recombinase recognition site would be unlikely 
to activate gene silencing mechanisms. This approach would not 
address the possibility that intermolecular or intramolecular recom- 
bination between residual sites might generate chromosome dele- 
tions, inversions, or translocations. 

The most obvious solution to this problem is the sequential use of 
different recombinases. The recent demonstration that directed evo- 
lution strategies can be used to modify recombinase substrate speci- 
ficities 35 " 37 extends the potential of this approach. Although func- 
tionality of an autoregulatory chemically inducible Flp/FRT system 
has not been demonstrated, it should be functional in crops and may 
benefit from recent advances in optimizing Flp expression in 
plants 11,34,38 . Mutant Int proteins no longer require accessory factors 
from X phage to perform excisive recombination in human cells 39 , 
but their efficacy in plants remains to be tested. Placing different 
recombinases under the regulation of a range of chemical-inducible 
systems currently available 28 will further extend the range and flexi- 
bility of different approaches to gene excision. In particular, the use 
of registered agrochemicals as inducers should expedite the approval 
of inducible DNA excision cassettes for agricultural use while mini- 
mizing the costs of the technology. 

Depending on the efficacy of the system in different species, inclu- 
sion of a negative selectable marker (Table 2) in the elimination cas- 
sette might be desirable in scaled up operations to select for efficient 
excision. The incorporation of one or more internal ribosome entry 
site(s) 41 would make the CLX system amenable to activation of mul- 
tiple transgenes following removal of the elimination cassette. 

A more sophisticated approach toward avoiding residual recom- 
bination sites is to use tailor-made recombinases 35-37 designed to 
recognize unique sites within the genome of the crop to be modi- 
fied. The success of this strategy depends on the availability of 
methods for efficient gene targeting in higher plants. An additional 
benefit of combining recombinase-based gene excision strategies 
with new approaches to ensure the precise integration of foreign 
DNA is that excisive recombination may itself be sensitive to posi- 
tion effects if target genes lie in a chromatin configuration inacces- 
sible to the recombinase. Currently, the only known way to increase 
homologous recombination by several orders of magnitude is the 
induction of genomic double strand breaks 41 . A recent suggestion 
for achieving gene targeting in plants with the use of both a site- 
specific recombinase and a site-specific endonuclease 41 could be 
modified to ensure the simultaneous elimination of "used" compo- 
nents, leaving only a residual recombinase recognition site with the 
gene of interest. Fofel-zinc finger chimeric nucleases 42 and group II 
in trons modified to insert into specific loci 44 might also be useful in 
creating the next generation of transformation vectors capable of 
both gene targeting and the subsequent elimination of unnecessary 
foreign DNA. 

Although such proposals remain highly speculative, it is worth 
considering that crop improvement in the post-genomic era will 
most likely be limited more by the availability of suitable transfor- 
mation technologies than by the rate of gene discovery. Irrespective 
of whether or not transformation efficiencies can be enhanced to a 
level at which the use of selectable markers becomes unnecessary, 
refinements in the technology to precisely excise foreign genetic 
material will continue to form an integral part of strategies to 
improve transformation rates and to safeguard against theunin tend- 
ed spread of genes encoding novel traits. 
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